Background. Amphotericin B is the preferred treatment for cryptococcal meningitis, but it has cumulative severe side effects, including nephrotoxicity, hypokalemia, and hypomagnesemia. Amphotericin-induced severe hypokalemia may predispose the patient to cardiac arrhythmias and death, and there is very little data available regarding these toxicities in resource-limited settings. We hypothesized that standardized electrolyte management during amphotericin therapy is essential to minimize toxicity and optimize survival in sub-Saharan Africa.
In persons receiving amphotericin B deoxycholate for >10 days, hypomagnesemia and hypokalemia are near universal (96% and 100%, respectively) [14] . Yet unlike in high-income countries, potassium (K + ) and magnesium (Mg 2+ ) monitoring and electrolyte replacement are limited in low-and middleincome countries. In many settings, electrolyte monitoring is much more limited or absent, and electrolyte replacement is more sporadic and physician-dependent. Little data exist on how best to optimize management of electrolytes in patients given amphotericin in resource-limited settings. In the second month (January 2011) of the Cryptococcal Optimal Antiretroviral Therapy Timing (COAT) Trial (clinicaltrials. gov NCT01075152), an association was noted between low serum K + and in-hospital mortality. A standardized electrolyte supplementation protocol was thereafter implemented as a quality improvement initiative. Although electrolyte abnormalities are a common amphotericin toxicity, before February 2011 electrolyte supplementation had been given only as reactive, physician-dependent ad hoc responses to laboratory abnormalities. The objective of this project was to retrospectively assess 3 prospective cryptococcal cohorts: (1) intermittent use of intravenous (IV) fluids and rare ad hoc electrolyte supplementation, (2) standardized IV fluid but rare ad hoc electrolyte supplementation, and (3) standardized administration of IV fluids and universal electrolyte supplementation. Mortality was compared across cohorts to determine whether an aggressive approach to fluid and electrolyte management improves short-term (<30 days) survival after cryptococcal meningitis in persons receiving amphotericin-based therapy to understand how best to safely administer amphotericin in a limited-resource setting.
METHODS

Study Population
Three prospective studies of HIV-infected adults with cryptococcal meningitis were conducted at Mulago Hospital, the national tertiary referral hospital, in Kampala, Uganda. The first cohort enrolled from November 2001 through March 2002, before the availability of antiretroviral therapy (ART), as previously reported [15] . The second cohort enrolled from June 2006 through September 2009, after ART availability. During this time, ART was initiated at a median of 5 weeks [15] [16] [17] , with additional enrollees from November 2010 to January 2011 from individuals screened for enrollment into the COAT trial (clinicaltrials.gov:NCT01075152) [18] . The third cohort consisted of individuals screened for enrollment into the COAT trial and a follow-on observational cohort that enrolled participants from February 2011 until November 2012. Figure 1 outlines the differences in the clinical management of the 3 cohorts. Inclusion and exclusion criteria are listed in the Supplementary Material, Appendix S1. Written informed consent was obtained. Study protocols were approved by the Institutional Review Boards of Makerere University, the University of Minnesota, and the Uganda National Council of Science and Technology.
Cryptococcal treatment consisted of standardized induction therapy of 14 days of amphotericin B 0.7-1.0 mg/kg in 500 mL 5% dextrose in water over 4 hours in all cohorts. Patient weights were measured in 2001-2002 then estimated until January 2011 when a weighing scale became available again. Lumbar punctures were completed on approximately days 1, 7, and 14 of amphotericin therapy. During 2010-2012 (this included patients from the COAT trial in cohorts 2 and 3), adjunctive oral fluconazole 800 mg/day was also included in the induction regimen [9, 19, 20] . In 2001-2009 (cohorts 1 and 2), after initial induction therapy, consolidation therapy consisted of 8 weeks of fluconazole 400 mg/day. During 2010-2012 ( patients from the COAT trial in cohorts 2 and 3), enhanced consolidation therapy began with fluconazole (800 mg/day) until outpatient clinic registration (∼3 additional weeks) and the 14-day cerebrospinal fluid (CSF) culture was known to be sterile, followed by ∼9 additional weeks of fluconazole (400 mg/day) for a 12-week total consolidation. After consolidation therapy, all cohorts received secondary prophylaxis with fluconazole (200 mg/day).
Cryptococcus meningitis was diagnosed until April 2011 via latex agglutination and culture. Qualitative cultures were performed in [2001] [2002] . Quantitative cultures were performed first with a 10 mcL calibrated loop in 2006-2009 [15] , and then 100 mcL serial 10-fold dilutions in 2010-2012 [21] . 
Electrolyte Supplementation Protocols
During the presupplementation period through January 2011 (cohorts 1 and 2), electrolyte management was at the treating physician's discretion, and replacement was generally given in response to abnormal electrolyte levels. Replacement was very infrequently completed.
In February 2011, a routine electrolyte supplementation protocol was implemented with K + and Mg 2+ universally given starting on day 1 of amphotericin therapy, data from that point is termed the supplementation period and corresponds with the 2011-2012 cohort (cohort 3). 
Statistical Analysis
The primary objective of this analysis was to determine the effect of fluid and electrolyte supplementation on 30-day survival in ART naive patients. A 30-day period was chosen to focus on pre-ART mortality as patients started ART at an average of ∼5 weeks after the diagnosis of cryptococcal meningitis. IV fluids and universal electrolyte supplementation (n = 142, February 2011-November 2012). Baseline participant characteristics were compared between the cohorts using analysis of variance or 2-sample t tests to compare means and the Fisher exact test to compare frequencies. Serial serum K + levels were evaluated using a repeated measures model with levels at days 1, 7, and 14 of amphotericin therapy. The occurrence of severe hypokalemia (K + 2.0-2.4 mEq/L) or mild hypokalemia (K + 2.5-3.4 mEq/L) was compared with the Fisher exact test. Cox proportional hazard regression compared survival between cohorts with adjustment, when possible, for different baseline characteristics. The survival analysis was restricted to the pre-ART time period only. Participants contributed time from cryptococcal meningitis diagnosis to one of the following: 30-day survival, death, or ART initiation. COAT trial participants randomized to early ART were right-hand censored for the survival analysis at COAT trial randomization (n = 8 in 2010, n = 49 in 2011-2012). Thus, no persons received ART in the 30-day survival analysis, to make all 3 cohorts comparable. For determination of cumulative incidence of hypokalemia, all participants were included. Statistical analysis was conducted using SPSS version 21 (IBM Corporation, Armonk, NY) and evaluated against type I error α < 0.05.
RESULTS
Patient Characteristics
Ninety-two subjects were included in cohort 1, 195 Table 2 displays baseline demographics. Demographics were similar, except for the following: proportion of persons with altered mental status with a Glasgow Coma Scale (GCS) < 15 was less in cohort 1 than cohorts 2 and 3 (7.6%, 28%, 31%, P < .001); the mean HIV viral load was slightly higher in cohort 3 than cohort 2 (5.5 vs 5.2 log 10 copies/mL, P = .006); and viral load and CD4 counts were not available for cohort 1. Time from hospital admission to definitive diagnosis also improved over time (median 3 to ≤1 days), yet demographics were overall similar. Potassium at day 14, mEq/L, mean ± SD 3.0 ± 0. 2009, but similarly negligible incidence of severe hypokalemia at day 7 and day 14 was recalled (D. B. M., A. M.). However, in the 2010 period of cohort 2 when electrolytes were measured starting at day 5 approximately every 48 hours, the cumulative incidence of severe hypokalemia (K + < 2.5 mEq/L) was 38% (8 of 21), with 19 severe hypokalemic events occurring in 8 participants in the first 14 days of amphotericin. Severe hypokalemia was evenly distributed between the trial's randomization arms. After the standardized electrolyte protocol was implemented in February 2011, 15 severe hypokalemic events occurred among 12 participants for a cumulative incidence of 8.5% (12 of 142) (relative risk = 4.5; 95% CI, 2.1-9.7; P < .001). Thus, a lack of severe hypokalemia observed in 2001-2009 likely reflects unrecognized severe hypokalemia because of lack of testing between day 8 and 13 as well as a survival bias, namely those who survived to 14 days were more likely the patients without severe hypokalemia during amphotericin therapy. Unintentional missed doses of amphotericin are unlikely because the medication was administered by study nurses and monitored by study physicians.
Incidence of Severe Hypokalemia
Survival
When limited IV fluids were available and intermittent shortages occurred, the 14- 1), with minimal electrolyte monitoring on day 7 and 14 only, the detected incidence of severe hypokalemia was 1.1% (1 of 92), being only 1.8% (1 of 56) among those surviving to day 7 and zero of 46 who survived to day 14. In cohort 1, K + monitoring did not occur between days 8 and 13. In November 2010-January 2011, among COAT trial participants in cohort 2 who received IV fluids and intensive electrolyte monitoring every 48 hours from day 5, the incidence of severe hypokalemia was 38% (8 of 21). After the implementation of universal supplementation (February 21, 2011) and enhanced attention to weight-based dosing of amphotericin (cohort 3), the incidence of severe hypokalemia declined to 8.5% (12 of 142, P < .001 compared to without supplementation). No persons developed clinically significant hyperkalemia with electrolyte supplementation. The majority of the hypokalemia occurs during the second week of amphotericin therapy, thus with minimal monitoring in cohort 1, the lack of detected hypokalemia does not indicate the absence of hypokalemia. Severe hypokalemia rarely occurs before day 7. Without intensive K + monitoring, absence of hypokalemia at day 14 likely may represent a survival bias. Abbreviation: IV, intravenous.
DISCUSSION
Implementation of a comprehensive electrolyte management protocol was associated with reduced severe hypokalemia and improved survival when added to standard amphotericin treatment and IV fluids for HIV-associated cryptococcal meningitis in a resource-limited setting. Current Infectious Diseases Society of America guidelines for cryptococcal treatment mention that if facilities do not have sufficiently rapid or reliable K + monitoring, amphotericin use may not be safe [8] . However, further guidance is not provided, and magnesium is not mentioned [8, 22] .
In the high-income countries, electrolytes are checked frequently and replaced rapidly in hospitalized patients; however, in the many resource-limited settings, unique barriers exist for the close monitoring of electrolytes. Laboratory facilities may not be reliably available or not able to return results rapidly enough to be acted upon in a clinically useful fashion. Electrolyte replacements themselves may be unavailable in many settings, and cost, although low relative to many other medications, can be a barrier. Thus, although a comprehensive electrolyte management strategy would be ideal, this may not be realistic in all settings. Yet, amphotericin-induced electrolyte wasting is a universal expectation, and so the issue must be addressed. In many illnesses, this may be inconsequential; however, for any illness treated with electrolyte wasting medications, such as amphotericin, K + and Mg 2+ replacement becomes extremely important [23] [24] [25] . Stakeholders who influence health policy in low-and middle-income countries should view electrolyte management as part of the package of care for proper cryptococcal treatment. Multiple alternatives to the comprehensive electrolyte replacement strategy detailed above are possible. Amphotericin predictably depletes potassium and magnesium [14, 26] . Thus, scheduled supplementation only without additional measurement or replacement doses would be feasible. Although there is some risk of hyperkalemia due to replacement, the predictable nature of electrolyte wasting allows for scheduled replacement without significant fear of hyperkalemia. Furthermore, because amphotericin's effect on electrolyte wasting is known to be cumulative and dose dependent [11, 14, 26] , increasing the potassium supplementation during the second week should be well tolerated. This strategy would reduce overall hypokalemia but likely leave some small percentage of patients (∼10%) severely hypokalemic; moreover, routine replacement would have an acceptable, potential risk of hyperkalemia should even routine monitoring be difficult to obtain.
A second strategy would be to use shorter 1-week courses of amphotericin. In a prospective study in Uganda by Muzoora et al [27] , 5 days of amphotericin (1.0 mg/kg per day) with adjunctive fluconazole (1200 mg/days) was well tolerated with approximately 75% of the rate of microbiologic clearance (ie, early fungicidal activity) compared to 14 days of amphotericin (1.0 mg/kg per day) but without electrolyte abnormalities. In that study, routine potassium (40 mEq/day) supplementation was given. Similar high levels of efficacy without toxicity were also reported in a similar 7-day randomized trial of amphotericin (1.0 mg/kg per day) with fluconazole (1200 mg/day) in Malawi [28] . An unresolved clinical question, raised by Thomas Harrison and colleagues, St. George's University, London [27, 28] , is the ideal length of amphotericin induction, and this question is currently being tested in a phase III trial (ISRCTN45035509).
Finally, in resource-limited settings without access to KCl pharmaceutical preparations, foods rich in potassium may be readily available and could provide suitable potassium replacement while on amphotericin. For example, the average US avocado has ∼6.5 mEq of potassium per 100 g, whereas a banana has approximately two thirds of that amount [29] . In a patient able to tolerate food or nasogastric feeding, this may be a reasonable alternative method of potassium supplementation.
Defaulting to fluconazole monotherapy to avoid amphotericin toxicity is a poor strategy. The survival with fluconazole monotherapy is ∼30% worse than with amphotericin, in crosscohort comparisons [10] . Although the lure of less toxicity in fluconazole monotherapy may be appealing, as we have demonstrated here, the electrolyte toxicity of amphotericin is manageable, and acute kidney injury is relatively infrequent (∼8%) with IV fluid prehydration [11] . As mentioned above, Cost is often considered as a barrier to therapeutic interventions. As an example of the costs of these medications; 1 nonprofit medical wholesaler in Kampala, Uganda supplies the following prices of 1 vial of 10 mEq IV KCl for $1.04 and oral 8 mEq KCl for $3.30 per 100 tablets [30] . Magnesium prices are similar [30] . Although these purchases would require some resources, the cost is quite affordable when one considers the immediate 30-day survival benefit. Supporting local industry and local avocado or banana farmers may be a wiser investment than importing supplies.
The main limitation is the historical comparison of 3 cohorts over time. Although fluid and electrolyte management was the major change, other unseen bias influencing mortality may exist. Severity of illness was similar among cohorts and, if anything, increased over time with higher proportions with altered mental status and higher CRAG titers during 2006-2012.
Quantitative cultures were performed in cohorts 2 and 3; however, the method was different, and so direct comparison would not be accurate. One of the major improvements in clinical care during the trial of cohort 2 and 3 was improved safety monitoring with more frequent detection of laboratory abnormalities. In 2001-2002, K + monitoring at day 1, 7, and 14 only detected 2% with hypokalemia at day 7. Yet lack of monitoring did not equate to absence of hypokalemia during the second week of amphotericin, based on a 38% incidence of hypokalemia in 2010 with more frequent monitoring. Likewise, monitoring alone without action did not decrease mortality or hypokalemia in 2010. One might also argue that caregiver or institutional experience may have been gained over time, which explained the survival benefit. However, we believe this explanation is also unlikely given that the medical officers and nurses caring for the patients directly changed with each study (A. K.; D. B. M./A. M.; H. N.). Other specific changes were made. First, the cryptococcal antigen lateral flow assay (Immy, Norman, Oklahoma) was implemented in April 2011 as a point-of-care test to decrease time-to-diagnosis. Although exceedingly helpful, the severity of illness and demographics remained similar. Second, concomitant fluconazole 800 mg/day was given starting in 2010 during induction therapy and as enhanced consolidation until the CSF was known to be sterile. This fluconazole regimen was in place during the initial 2 months of the COAT trial when the investigators detected an association between hypokalemia and mortality. Based on a 2013 trial, the addition of fluconazole to amphotericin did not have a statistical survival benefit over 4 weeks of amphotericin alone [31] . The higher dose fluconazole (800 mg/day) "enhanced" consolidation therapy was used in 2010-2012, but this is of unproven significance in terms of any potential benefit. Although fluconazole adjunctive therapy with amphotericin leads to more rapid clearance of Cryptococcus from the CSF [15, 18] , this alone is unlikely to explain the improved survival in the third cohort [31] . The 16% magnitude of 30-day survival difference between cohorts 2 and 3 was beyond the expected effect of added fluconazole (5% better 14-day survival) [31] . 
CONCLUSIONS
In summary, survival was substantially improved with IV fluids coupled with universal electrolyte supplementation of K + and Mg 2+ , electrolyte monitoring, and standardized electrolyte replacement. WHO Rapid Advice for cryptococcosis treatment published in December 2011 recommended intense monitoring and supplementation based on our earlier data [9, 32] . We believe that the data presented herein should cause stakeholders to emphasize 3 important issues unique to cryptococcal treatment. First, electrolyte management is important for improving survival with amphotericin B deoxycholate therapy. Second, routine, proactive potassium and magnesium supplementation is superior to a reactive approach of replacing electrolytes once a life-threatening deficiency has been identified. Third, more operational research is needed to determine whether potentially shorter courses of 5, 7, or 10 days of amphotericin have a more favorable risk/benefit in resource-limited regions compared to 2 weeks of amphotericin [33] . Using initial quantitative CSF culture burden to guide therapy duration may be more rational than giving all persons 14 days of amphotericin [33] . In conclusion, in comparing 3 cohorts of patients with cryptococcal meningitis treated with amphotericin in Kampala, Uganda, survival significantly improved with a comprehensive electrolyte monitoring and replacement strategy.
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